Engrailed Wing disc
Introduction
The first Polycomb group (PcG) gene in Drosophila melanogaster was identified more than half a century ago and was characterized by weak homeotic transformations occurring in the Polycomb (Pc) mutant (Lewis, 1978) . This was later shown to be caused by Hox gene de-repression (Struhl and Akam, 1985) . Today, Drosophila PcG proteins are known to form three different multimeric complexes. Polycomb repressive complex 1 (PRC1) consists of Polycomb (Pc), Polyhomeotic (Ph), Sex comb extra (Sce), Sex comb on midleg (Scm) and Posterior sex comb (Psc) proteins. The function of PRC1 is to inhibit nucleosome remodelling (Levine et al., 2004) , mediate chromatin compaction (Muller et al., 2002) and to recruit naive chromatin to PRC1-bound chromatin templates (Lavigne et al., 2004) . Second, PRC2 is containing Suppressor-of-zeste-12 (Su(z)12), Enhancer-of-zeste (E(z)), Extra sex combs (Esc) and Nucleosomal remodeling factor 55 (Nurf55, also known as Caf1). The PRC2 complex has a methyltransferase activity directed towards Histone 3, resulting in tri-methylation of the lysine residue 27 (H3-K27 3me), via the SET domain of E(z) (Czermin et al., 2002) . Finally, there is the PhoRC complex, which includes the sequence-specific DNA-binding protein Pleiohomeotic (Pho) and dSfmbt (Scm-related gene containing four mbt domains). The latter binds specifically to mono-and di-methylated H3K9 and H4K20 via its MBT repeats (Muller and Kassis, 2006) . In Drosophila, PcG complexes co-bind to their target genes at Polycomb Response Elements (PRE), which are cisregulatory sequences that serve as binding platforms for the three currently known PcG protein complexes (Muller and Kassis, 2006) . The complexes are targeted to PREs through interaction with Pho and other DNA-binding proteins and modified histones (Papp and Muller, 2006) . Over 200 PcG target genes have been identified and the engrailed gene (en) is one of the targets bound by Pc (Schwartz et al., 2006) .
The segregation of cells into different compartments is fundamental in animal development as it enables tissues to adopt different functions. In the early Drosophila embryo, compartments are formed by division into segments and a further partitioning into anterior and posterior compartments within each segment. One of the key players in this process is the segment polarity gene en (Busturia and Morata, 1988) , which is activated by gap and pair rule genes. Expression of en results in a posterior compartment fate, while absence of En results in an anterior compartment fate. Concurrently, gap and pair rule genes establish the expression patterns of Hox genes, which specify the segment identity along the anterior-posterior axis of the embryo. Hox gene and segmentation gene products may collaborate directly to control gene expression at many downstream target genes (Gebelein et al., 2004) .
Hox genes, especially Ubx, Abd-A and Abd-B, are the best studied PcG target genes. Ubx is up-regulated in Su(z)12 mutant embryos and somatic clones (Birve et al., 2001) . During larval stages, Ubx function is required to define and govern the determination of several cell types in 2nd and 3rd thoracic segments. In wing discs, however, its repression is maintained by PcG complexes (Birve et al., 2001 ). In addition, en (Kassis, 1994; Strutt and Paro, 1997) , hedgehog (Maurange and Paro, 2002; Chanas and Maschat, 2005) and polyhomeotic (Bloyer et al., 2003; Schwartz et al., 2006) have been described as target genes of PcG proteins. en is expressed in the posterior compartment of each segment and thus in the posterior half of both wing and halter discs, while it is repressed in anterior compartments. The en gene contains a PRE in its regulatory region (Kassis, 1994; DeVido et al., 2008) , and previous work has shown that en is de-repressed in Pc (Busturia and Morata, 1988) , ph (Randsholt et al., 2000) and Pcl mutant clones (Nekrasov et al., 2007) in the anterior portions of wing discs. In order to test whether en is sensitive also to dosage of PRC2 proteins, we studied en expression in somatic Su(z)12 and E(z) mutant clones.
Results

Downregulation of en in PRC2 mutant clones
Embryonic expression of en is de-repressed in PcG mutants (Moazed and O'Farrell, 1992) and the en gene has been shown to be a direct target of Pc and H3-K27 3me in nuclear extracts from the embryonic S2 cell line (Schwartz et al., 2006) . Since the regulatory region of en contains a PRE fragment it is conceivable that the silenced state of en in anterior compartments will be maintained by PcG complexes during later stages of development. In order to test this, we stained wing imaginal discs containing Su(z)12 knock-out clones with an En antibody. To our surprise, we found no de-repression of en in the anterior compartment of the wing disc ( we noticed that only clones within the pouch region, close to the A/P boundary, were down-regulated, while peripheral clones were un-affected. Similar results were obtained using two strong Su(z)12 alleles (Su(z)12 1 and Su(z)12 4 ), while a weak allele (Su(z)12 2 ) only gave minor effects on en expression (not shown). We also induced clones with the hsFLP technique to be able to generate larger somatic clones, with similar outcome ( Supplementary Fig. 1E -H). The results indicated that either en is positively regulated by PRC2 in the posterior wing compartment or that en is not a direct target of the PRC2 silencing complex in wing discs in spite of the presence of a PRE.
Our previous studies have shown that clonal over-expression of Su(z)12 results in a robust increase of histone 3 lysine 27 tri-methylase activity of PRC2 (Chen et al., 2008) . This could thus be used as a means of investigating whether PRC2 could function as an activator of en. We generated clones that overexpressed Su(z)12 protein in wing discs using the UAS/Gal4 system (Brand and Perrimon, 1993) and stained with anti-En antibody (Fig. 1D-F) . We found no En mis-expression in either compartment of the wing disc, indicating that Su(z)12 is neither an activator nor a direct repressor of en. The results showed that excess of silencing activity cannot override the impact of en activators present in the posterior portion of the wing disc.
To investigate whether the findings were specific to Su(z)12 mutant clones or a general phenomenon of loss of PRC2 function, we generated E(z) knock-out clones and checked for En mis-regulation (Fig. 2) . We found a similar repression of en expression in the posterior compartment as with loss of Su(z)12, and no de-repression in the anterior compartment in wing discs. The results indicate that the effects observed on en expression were attributed to the loss of PRC2 function and not due to a Su(z)12-specific function.
Besides en, we also tested the impact of Su(z)12 loss on the expression of two other presumptive PcG target genes; wingless (wg) and cut, in wing disc somatic clones ( Supplementary  Figs. 2 and 3 ). Similar to en, both these genes were down-regulated in their respective expression regions, while no derepression occurred in the areas of the discs where they are normally not expressed.
2.2.
Ubx may participate in the repression of en expression A known repressor of en is the Groucho protein (Gro) (Jimenez et al., 1997). To test whether the level of this protein changed in Su(z)12 mutant clones, we stained wing discs with an anti-Gro antibody. We found no effect on Gro expression in Su(z)12 mutant clones ( Supplementary Fig. 4) , indicating that the repression of en in the posterior compartment of wing discs was not caused by an up-regulation of Gro.
The genes in the Bithorax cluster, e.g., Ubx, Abd-A and Abd-B are all well studied PcG targets. The encoded proteins have been shown to have repressive functions during embryonic development (Maeda and Karch, 2006) . During larval stages, these genes are not expressed in wing discs. Whether they may function as transcriptional repressors in wing disc tissue is thus not known. However, since we have shown that Ubx and Abd-B are up-regulated in Su(z)12 mutant clones (Birve et al., 2001) , it is possible that ectopic expression of these proteins may cause the observed repression of en in the posterior compartment in wing discs. To test this hypothesis, we overexpressed Ubx in somatic clones by use of the hsFLP-Act-FRTGal4 system. We found that over-expression of Ubx indeed repressed en expression in the posterior region of the wing discs close to A/P boundary (Fig. 3) , indicating that the effect observed at Su(z)12 loss could be caused by a de-repression of Ubx. We found that ectopic expression of Abd-B resulted in a similar repression of en, while over-expression of Abd-A did not ( Supplementary Fig. 5 ).
Discussion
In this investigation, we did not find any de-repression of en in the anterior pouch compartment of the wing discs when PRC2 function was removed. Somatic loss of PRC1 subunits (Pc and Ph) on the other hand results in de-repression of en in the anterior compartment of the wing discs (Busturia and Morata, 1988; Randsholt et al., 2000) . The Pcl protein has been shown to be associated with the PRC2 complex in embryos (Tie et al., 2003; Nekrasov et al., 2007) , but a recent study (Savla et al., 2008) argues that Pcl is not included in either PRC1 or PRC2 larval complexes. Similarly to Pc and Ph, somatic loss of Pcl results in a de-repression of en in the anterior compartment of wing discs (Nekrasov et al., 2007) . However, the authors state that this de-repression is variable between clones. We re-analyzed the results in this reference and found that en up-regulation is indeed found in the periphery of the anterior compartment of the wing disc, but not in the pouch region and thus the Pcl results agree well with the PRC2 pattern. Also the PhoRC complex seems to exhibit a similar behaviour since en is mis-expressed in many Sfmbt mutant clones in the anterior compartment of the wing disc, but consistently remains repressed in clones in the pouch compartment (Oktaba et al., 2008) . In the posterior part of the wing disc we, unexpectedly, find that en expression is down-regulated in Su(z)12 and E(z) mutant clones. We also note that the Su(z)12 mutant clones induced in the posterior compartment of wing discs have a rounded shape commonly observed in cells that have lost their En function. This property of cells to become adhesive and minimize contact with surrounding En-expressing cells is caused by the Hedgehog signaling pathway, that induces Decapentaplegic protein that normally maintains the A/P boundary, aiming at exclusion of cell clones with a more anterior fate (Dahmann and Basler, 2000) .
We hypothesize that the down-regulation of en, occurring when PRC2 function is lost in the posterior compartment of wing discs, is caused by ectopic induction of an en repressor, and we show that ectopic expression of Ubx or Abd-B indeed blocks en expression. The PRC2 complex is necessary for silencing of Ubx or Abd-B in wing discs, since de-repression in both compartments is readily seen 48-96 h after induction of Su(z)12 mutant clones (Birve et al., 2001) . When scrutinizing these results again we observe that the up-regulation of Ubx and Abd-B is exclusively occurring in the pouch region of wing imaginal discs, for strong as well as weak Su(z)12 alleles. Since we only find en repression within the pouch region in the posterior compartment this further strengthens our hypothesis that Ubx and Abd-B are direct repressors of en. This also poses an explanation for the lack of en mis-expression in the anterior half of the wing pouch; ectopic Ubx and Abd-B, as a consequence of loss of PRC2 silencing, directly repress en and thus override the de-repression expected to occur here. A similar finding was recently published by Jü rg Mü ller and co-workers, where they had to remove both Scm and BxC (Ubx, Abd-A and Abd-B) gene functions in order to obtain derepression of the Distal-less gene in the pouch region of wing discs (Oktaba et al., 2008) .
Ubx and Abd-A are known to function as repressors of several genes in both embryos and larvae. For instance, Ubx is a transcriptional repressor of vestigial (vg) and Serrate (Ser) in larvae and the Ser protein is known to activate wg and cut expression in larval tissue (Weatherbee et al., 1998) . Derepression of Ubx in Su(z)12 mutant clones could thus explain our findings that wg and cut are down-regulated in their respective expression domains in wing discs.
Still, up-regulation of en in Pc and Ph clones does occur in the anterior wing pouch region (Busturia and Morata, 1988; Randsholt et al., 2000) . Furthermore, clonal loss of Pcl has no effect on en expression in the posterior portion of wing disc (Nekrasov et al., 2007) . This indicates that there is a discrepancy in the impact caused by loss PRC1 and PRC2 silenc- Clones in the pouch region shown at higher magnification. ing functions, respectively. This could be explained by differences in binding and retention of either silencing complex to the PREs in both the Ubx and the en genes. Our results emphasize that each gene has to be regarded as a unique entity whose regulation can differ between developmental stages, tissues and between compartments within tissues and that transcriptional regulators together with different types of epigenetic marks collaborate to regulate gene expression. The en gene, that contains a PRE fragment to which PcG complexes bind in embryos, will have further controlling networks for maintenance of its active or silenced status at later stages. Its regulation is further complicated by the fact that the en PRE also possesses an activating function (DeVido et al., 2008) . This activating function might be due to the presence of PRC2 at the PRE, since loss of Su(z)12 results in repression of en expression in the posterior wing blade compartment. However, this possibility was not corroborated in Su(z)12 over-expression experiments, which did not result in a direct activation of en expression. We conclude that the en gene has a multitude of regulatory elements that control the expression in its various contexts. Further studies are needed to elucidate the role of the different steps in PcG silencing and how these interact with other activating and repressive mechanisms to regulate gene expression.
4.
Experimental procedures
Fly stocks and crosses
The following Drosophila strains were used: w; Su ( strains, respectively, were crossed to a vg-Gal4 UAS-FLP; hs-GFP FRT2A (Jü rg Mü ller) strain. Su(z)12 4 FRT2A was also crossed to hs-GAL4 UAS-FLP; UAS-GFP FRT2A strain to induce knock-out clones. All flies were raised at 25°C, except when otherwise indicated. For over-expression studies, hs-FLP; UAS-Su(z)12 and hs-FLP; UAS-Ubx, respectively, were crossed to P{w +mC = AyGAL4}25 P{w +mC = UAS-GFP.S65T}. These crosses were kept at 18°C.
Immunohistochemistry
Imaginal discs dissected from third instar larvae were stained as previously described (Chen et al., 2008) . The following antibodies were used: mouse anti-Engrailed (1:100), mouse anti-Groucho (1:5), mouse anti-Cut (1:100), mouse anti-Wingless (1:100) (Developmental Studies Hybridoma Bank, University of Iowa). Cy3-conjugated rabbit anti-mouse antibody (1:100) was purchased from Jackson.
